Integrated mapping in large-genome monocots has been carried out on a limited number of species. Furthermore, integrated maps are difficult to construct for these species due to, among other reasons, the specific plant populations needed. To fill these gaps, Alliums were chosen as target species and a new strategy for constructing suitable populations was developed. This strategy involves the use of trihybrid genotypes in which only one homeolog of a chromosome pair is recombinant due to interspecific recombination. We used genotypes from a trihybrid Allium cepa ϫ (A. roylei ϫ A. fistulosum) population. Recombinant chromosomes 5 and 8 from the interspecific parent were analyzed using genomic in situ hybridization visualization of recombination points and the physical positions of recombination were integrated into AFLP linkage maps of both chromosomes. The integrated maps showed that in Alliums recombination predominantly occurs in the proximal half of chromosome arms and that 57.9% of Pst I/Mse I markers are located in close proximity to the centromeric region, suggesting the presence of genes in this region. These findings are different from data obtained on cereals, where recombination rate and gene density tends to be higher in distal regions.
I
NTEGRATED mapping in large-genome monocots not be possible yet. The second approach combines in has focused primarily on cereals (Gill et al. 1996a,b;  situ hybridization of BACs or YACs on plant chromo-Kü nzel et al. Cone et al. 2002) . However, it is somes (Cheng et al. 2001; Kulikova et al. 2001) with obvious that these species represent only a small fraction recombination maps. This approach can be routinely of the large-genome monocots. Therefore to obtain a used in plant species with small genomes, but it is less more comprehensive insight into the chromosome orapplicable for large-genome species that contain a huge ganization of these species, more of them need to be amount of dispersed, repetitive DNA sequences. The studied.
third approach consists of the application of deletion Multiple approaches have been used to develop inteor translocation lines to create physical landmarks on grated maps. The first approach is based on the conthe genomes analyzed and to relate these to recombinastruction of a physical map via contig assembly of large tion maps. This approach, which was predominantly insert DNA clones, such as yeast artificial chromosomes carried out in wheat, has yielded considerable success. (YAC) or bacterial artificial chromosomes (BAC), and
An integrated map of all 21 chromosomes based on on the comparison of this map with a genetic linkage 436 deletion lines was constructed (Gill et al. 1996a,b ; map. This approach was used for the completely se- Sandhu et al. 2001; . However, quenced Arabidopsis genome (Schmidt et al. 1995) , this approach cannot be used for diploid species, bethe almost sequenced rice genome (Wu et al. 2003) , cause diploid organisms do not tolerate large deletions. and the partly sequenced maize genome (Civardi et al. To overcome this problem, Kü nzel et al. (2000 Kü nzel et al. ( ) con-1994 Cone et al. 2002; Fang et al. 2003) . However, structed an integrated map of barley based on translocacomplete genome sequencing of large-genome species, tion breakpoints as physical landmarks for mapping of such as Alliums, is expensive, time consuming, and may RFLP markers that were transformed into PCR markers using microdissection of translocated chromosomes. However, this method requires the construction of were used to assign AFLP markers to their respective chromowas successfully applied toward the development of an somal subregion. (King et al. 2002) .
male sterile) as a female parent and an interspecific hybrid
The aim of our study was to construct integrated physibetween A. roylei and A. fistulosum (RF) as a male parent. Blow cal and recombination maps of a large-genome monoflies were used for pollination and plants were grown in pots cot not previously analyzed and to contribute to the in a frost-free greenhouse. GISH: Genomic DNA of A. roylei and A. fistulosum was used study of the chromosome organization of these species.
as probes for GISH and labeled with digoxigenin-11-dUTP and
The construction of integrated maps in Alliums will biotin-16-dUTP, respectively, by a standard nick-translation enable a thorough analysis of recombination frequenprotocol (Roche Diagnostics GmbH, Mannheim, Germany).
cies along its chromosomes, will allow for a comparison
The GISH procedure and mitotic chromosome spreads were of genetic and physical distances, and will make it possiperformed as described by Khrustaleva and Kik (1998 to specific chromosome arms (Huang et al. 2000) . The We employed GISH and AFLP technology to conthe genome size effect, the chromosome expansion factor struct integrated maps, but we applied a novel strategy concept was developed (King et al. 2002) . 
fistulosum, integrated physical and recombination maps L s is the length of the introgressed segment, and L c is the corrected length of the introgressed segment).
of chromosome 5 and 8 were constructed.
Karyotype analysis and identification of recombinant chromosomes: Chromosome identification of Allium species is based on relative chromosome length and centromeric index.
MATERIALS AND METHODS
Only the NOR-bearing chromosome 6 can be easily identified on the basis of its specific morphology. In addition, molecular Plant material: Fourteen progeny plants from a trihybrid population, A. cepa ϫ (A. roylei ϫ A. fistulosum); PRI nr 96284), cytogenetic markers are available for chromosome 6 (45S rDNA) and for chromosome 7 (5S rDNA). The remaining six Long arm 0.27 Ϯ 0.03 linkage groups that were assigned to their specific chromosomes (van Heusden et al. 2000) . The map covered 661 cM of an expected length of 700-800 cM. Two restriction enzyme combinations, namely Eco RI/Mse I and Pst I/Mse I, and a total to a large extent in the selection of genotypes for GISH of 23 primer combinations were used. AFLP fragments were analysis (data not shown). "r" or "f " specifies whether a marker is specific for A. roylei or roylei and A. fistulosum, using GISH, allowed us to calcu- For chromosome 8, the centromeric region of a recombinant chromosome originated from A. roylei in 11 genotypes and in 1 genotype from A. fistulosum ( Figure   RESULTS 1). Four recombination sites were located in the proxiConstruction of integrated maps: The integration of mal half of the short arm. In the long arm 10 recombinarecombination and physical maps was done on a population sites were used for physical mapping, 8 of them tion originating from a cross between a diploid cytolocated in the interstitial part and two in the distal part. plasmic male sterile A. cepa (CC) and a diploid interspeIn total, 14 physical recombination sites were integrated cific hybrid between A. roylei (RR) and A. fistulosum (FF) .
into the linkage map of chromosome 8. The integrated Two criteria were used to select individuals from this physical and linkage maps of chromosome 8 for both population: (1) only one linkage group per chromo-A. roylei and A. fistulosum are given in Figure 3 . some and (2) physical recombination occurring at difRelationship between genetic and physical distance: ferent positions along the entire chromosome, and if Through the integration of physical recombination sites possible, the presence of recombination sites on either into the AFLP linkage map we were able to visualize side of the centromere. Fourteen CC ϫ RF genotypes how genetic distance varied with physical distance along (7 genotypes for chromosome 5 and 12 genotypes for the entire chromosome. The density of recombination chromosome 8; 5 genotypes in common) fulfilled these events per physical unit (centimorgans per physical criteria and were used for the assignment of AFLP markunit) was calculated by dividing the length of a genetic ers to physical subregions on the chromosome arms. subregion in centimorgans by the length of the corresponding physical subregion in physical units. The physThe AFLP profiles of individual CC ϫ RF plants assisted ical distribution of recombination along chromosome in the subregion with the highest recombination frequency, between 70.6 and 72.6 pu, 1 cM corresponds 5 is displayed in Figure 4 . Recombination frequency was not uniform and varied among subregions. Three to 1.8 Mb.
The recombination rate along chromosome 8 was subregions with high recombination were observed, namely, one close to the centromeric subregion on the clearly different between two arms ( Figure 5 ). On the short arm, pronounced reduction of recombination short arm between 28.4 and 34.1 pu (3.5% recombination/pu) and two on the long arm: one on the 70.6-72.6 events was found. On the long arm, high-recombination frequencies occurred in the proximal half of the arm, pu subregion (6.0% recombination/pu) and a second one between 89.0 and 91.6 pu (4.0% recombination/ namely, between 65.2 and 65.8 pu (8.3% recombination/pu) and 65.8-67.0 pu (9.2% recombination/pu). pu). No statistically significant difference was found between the proximal and distal half of chromosome arms A statistically significant difference in recombination frequency was found between the proximal and distal (excluding the centromeric region) with respect to recombination frequency (Mann-Whitney U-test; n 1 ϭ half of the chromosome arms (Mann-Whitney U-test; n 1 ϭ 4, n 2 ϭ 10, U ϭ 7, P ϭ 0.05). In the subregion n 2 ϭ 5, U ϭ 6, P ϭ 0.11). In the large centromeric subregion (34.1-58.7 pu; the centromere is positioned with the highest recombination rate (65.8-67.0 pu), 1 cM corresponds to 1.4 Mb. Suppression of recombinaat 47.4 pu), recombination events occurred very rarely (0.5%/pu). If we assume that DNA condensation is tion (0.7% recombination/pu) was found in the large centromeric subregion (30-57.4 pu; the centromere is equal along entire chromosomes, then 1 cM corresponds to 32.0 Mb in the centromeric subregion while positioned at 38.6 pu), and in this subregion 1 cM corre-Integrated Mapping in Allium fistulosum dividing the chromosome into subregions. The genotype numbers, from which the correspondent recombination sites were obtained, are shown in boldface type. On the recombination maps, markers are indicated as follows: e35m52a-302f means restriction enzyme combination Eco I/ Mse I, primers e35 and m52; "a" identifies the additional seventh selective base, 302 is the length of the fragment, and "f " or "r" specifies whether a marker is specific for A. roylei or for A. fistulosum. Recombination maps and physical maps are linked to each other by lines connecting observed physical recombination sites and their corresponding genetic sites. sponds to 31.3 Mb. The difference between genetic and proximal subregion 28.4-34.1 pu that carries mostly Pst I/MseI markers. On the long arm, two subregions physical positions was most pronounced in the short arm, where in the first subregion (0-20.8 pu) 1 cM with high marker density (1.5 markers/pu), namely, 70.6-72.6 pu and 89-91.6 pu, which carry both types of corresponds to 74.3 Mb, and in the next subregion (20.8-23.6 pu) 1 cM corresponds to 4.1 Mb. Furthermarkers, and one subregion 72.6-74.1 (1.3 markers/ pu) harboring only EcoRI/MseI markers were observed. more, the length of the recombination map of the short arm of chromosome 8, excluding the relatively large
In the subregions with high marker density, the highest recombination rates were found. In the centromeric subcentromeric region, proved to be significantly shorter (18.5 cM/30.0 pu) compared to the long arm (75.5 region (34.1-58.7 pu) comprising 24.6% of chromosome length, the marker density was low (0.5 marker/pu). cM/42.6 pu). No such difference was found for chromosome 5 (Table 2) .
The number of Pst I/MseI and EcoRI/MseI markers per chromosomal subregion is given in Table 3 . On Physical distribution of AFLP markers: For the analysis of marker distribution over physical subregions we the short arm, in the distal subregion (0-10.8 pu) the number of EcoRI/MseI markers considerably exceeded used marker density (i.e., number of markers per physical unit), because the length of the subregions were not the number of Pst I/MseI markers. However, in the more proximal subregion (28.4-34.1 pu), the situation was the same as they ranged from 1.0 to 29.4 pu. The 64 AFLP markers from the linkage group assigned to chroreversed: the number of Pst I/MseI markers exceeded the number of EcoRI/MseI markers. In the centromeric mosome 5 were not evenly distributed along the chromosome (Figure 6 ). On the short arm, a high density subregion, 16 EcoRI/MseI and no Pst I/MseI markers were found. On the long arm, the difference between of AFLP markers (1.9 markers/pu) was found in the both marker types was less pronounced compared to among various chromosomal subregions (Figure 7 ). Four subregions with a high density of AFLP markers the short arm. To determine whether both marker types differed in their distribution along the chromosome, were found in the proximal half of the long arm: the first one, 57.4-60.4 pu close to the centromeric subregion, the Fisher exact probability test was applied to the total number (A. fistulosum and A. roylei) of Pst I/MseI and carries only Pst I/MseI markers (1.7 markers/pu); the second one, 65.2-65.8 pu, carries only EcoRI/MseI EcoRI/MseI markers for the 11 chromosomal subregions along the chromosome and a highly significant markers (3.3 markers/pu); the third one, 65.8-67.0 pu, carries both marker types (2.5 markers/pu); and the difference between both marker types (Fisher exact probability test; P ϭ 2.4 ϫ 10 Ϫ5 ) was found. In total, fourth one, 69.4-71.8 pu, carries only EcoRI/MseI markers (1.7 markers/pu). Also the highest-recombination 63.4% of the Pst I/MseI were found in close proximity to the centromeric subregion.
frequency was observed in these regions. The marker density on the short arm was low in all subregions and Fifty-six AFLP markers were assigned to 15 physical subregions on chromosome 8. The number of markers ranged from 0.2 to 1.1 markers/pu. In the centromeric subregion (30-57.4 pu) spanning 27.4% of the total on the long arm considerably exceeded the number of markers on the short arm: 78.6% of markers were lochromosome length, the number of markers per physical unit was 0.5. Remarkably, six Pst I/MseI markers were cated on the long arm. The marker density varied Integrated Mapping in Allium Table 4 . In contrast to region. Specificity of recombination distribution: High levels chromosome 5, no statistically significant differences were found between the two types of markers in their of recombination for chromosomes 5 and 8 were found in the proximal half of the chromosome arms. This distribution along the chromosome (Fisher exact probability test; P ϭ 0.1062). In total, 52.3% of the Pst I/ result is in contrast to data obtained on cereals, where highly recombinogenic regions were found in the distal MseI markers were found in the proximal half of the chromosome arms.
20-30% of the chromosome arms in wheat (Gill et al. 1996a,b; Akhunov et al. 2003) , barley (Pedersen et al. 1995; Kü nzel et al. 2000; Ste-DISCUSSION phens et al. 2004) , Aegilops tauschii (Boyko et al. 2002) , and maize (Tenaillon et al. 2002;  Koumbaris and Bass Most studies on the integration of physical and ge-2003; Anderson et al. 2004) . In this context it can be netic maps have been carried out using species in which hypothesized that this difference in recombination rate the construction of integrated maps was based on intraalong chromosomes is due to the difference in chromospecific recombination. Here we present the construcsomal location of low copy and repetitive sequences. tion of integrated maps that are based on interspecific With respect to this hypothesis, it was observed in cereals recombination. This proved to be an effective strategy that gene density tends to be higher in more distal parts because of (i) the relatively simple and fast way to deof chromosome arms (Gill et al. 1996a,b ; Schmidt and velop the mapping population; (ii) the possibility of Heslop-Harrison 1998; Kü nzel et al. 2000) . Also it was visualizing physical recombination sites via GISH; and found that recombination events often occur in gene-(iii) the low cost, as it does not require sequence inforrich areas (Dooner 1986; Gill et al. 1996a,b ; Dooner mation and construction of BAC or YAC libraries.
and Martinez-Ferez 1997; Fu et al. 2001 Fu et al. , 2002 . FurThe results reported here are mostly in agreement thermore, for species with proximal chiasma localizawith other published work on large-genome monocots:
tion it has been suggested that recombination gradients (i) the recombination hotspots are restricted to a few are oriented in the direction opposite those of wheat chromosomal regions, (ii) the physical density of mark- (Akhunov et al. 2003) . It is known that in A. fistulosum ers corresponds closely to the distribution of recombinachiasmata are strictly localized adjacent to the centrotion, and (iii) a high degree of suppression of recombimere (Levan 1933) . Therefore the high level of recomnation occurs in centromeric regions. However, some bination observed in the proximal half of the Allium differences were observed between Alliums and other chromosomes studied suggests a high density of genes large-genome monocots: (i) in Alliums, recombination predominantly occurs in the proximal half of a chromoin this area. Also our results on the physical distribution on barley. EcoRI (restriction site 5Ј-GAATT^C-3Ј) is a methylation-nonsensitive enzyme. Therefore, EcoRI/ Another explanation of recombination rate variation along Allium chromosomes may be the presence of seMseI markers may originate equally from both hypomethylated genic areas and hypermethylated repetitive quence heterologies in the distal parts of A. roylei and A. fistulosum chromosomes. Sequence heterologies can DNA areas. An important result of our research is that, on average, 57.9% (chromosome 5, 63.4%; chromosignificantly reduce recombination rate as was shown in yeast (Chen and Jinks-Robertson 1999) , fungi some 8, 52.3%) of the Pst I/MseI markers are proximally located on Allium chromosomes. This leads to the pre- (Colot et al. 1996) , maize (Dooner and MartinezFerez 1997), and mice (Shao et al. 2001) . While Alliums diction that nonmethylated genic areas can be found in Alliums in more proximal regions of the chromoshare a similar 375-bp subtelomeric satellite sequence (Pich et al. 1996; Stevenson et al. 1999) , there is evisome. This contrasts with the results obtained from physical RFLP mapping in wheat (Gill et al. 1996a,b) and dence that A. fistulosum possesses a large species-specific repetitive sequence next to the 375-bp sequence in the barley (Kü nzel et al. 2000; Stephens et al. 2004) because in these studies most RLFP markers mapped on the subtelomeric regions (Hizume 1994; Khrustaleva and Kik 1998). The low degree of sequence identity between distal 20-30% of the chromosome arms. Significant differences in the distribution of Pst I/Mse I and EcoRI/ the two parental homeologs (A. fistulosum and A. roylei) may determine the significant reduction of recombinaMseI AFLP markers were observed for the short arm of chromosome 5. The number of EcoRI/MseI markers tion in the distal chromosomal regions. In this respect, the isolation of A. fistulosum-specific subtelomeric reconsiderably exceeded the number of Pst I/MseI markers in the distal subregion, where recombination events peats and comparative analysis of genomic sequences in both Allium species will provide us with a clearer were reduced and highly methylated DNA sequences are known to be present (Castiglione et al. 1995) . In understanding of this phenomenon.
Physical distribution of AFLP markers: The position the same study the proximal region of A. cepa chromosome 5 was not detectably methylated, which could exof AFLP markers along a chromosome reflects the position of restriction sites (and/or selected bases of plain the presence of a high number of Pst I/MseI markers in this area. Also the highest recombination frequency primer) of the enzymes used in their production. In our research two types of markers, namely EcoRI/MseI on the short arm of chromosome 5 was observed in this subregion. Such a correlation between DNA methylaand Pst I/Mse I, were used. Pst I (restriction site 5Ј-CTGCA^G-3Ј) is a methylation-sensitive enzyme, and on tion level and distribution of recombination was also reported by Sandhu et al. (2001) , Yao et al. (2002) , and the basis of the observation that expressed genes are typically hypomethylated, one assumption is that Pst I/ Fu et al. (2002) . Unexpected was our observation that Pst I/MseI markMseI markers are predominantly located in gene-rich ers are present in the centromeric subregion of chromoclose proximity to the centromere. In our case, the exact position of Pst I/MseI markers relative to the centromere some 8; Pst I/MseI markers from both A. roylei and A. fistulosum were observed in the centromeric subregion.
is unclear, because the centromeric subregion is large, comprising 27.4 pu of the chromosome. Therefore, an In contrast, Pst I/MseI markers were not found in the centromeric subregion of chromosome 5, which is in alternative explanation is that an Allium trihybrid genotype, which has a recombination site in the 24.3-26.8 line with data reported for wheat (Gill et al. 1996a,b) and barley (Kü nzel et al. 2000) . This suggests that hypocM area of A. roylei and the 28.7-31.7 cM area of A. fistulosum, was not obtained by chance. If such a recommethylated sequences, potentially genes, are present in close proximity to the centromere of chromosome 8.
bination site had been present, then the six Pst I/MseI markers mapped on the centromeric region would map In Arabidopsis a number of genes have been identified within genetically defined centromeres that are exon a new smaller subregion next to the Pst I/MseI marker-rich subregion (57.4-60.4 pu) on the long arm, pressed at measurable levels (Copenhaver et al. 1999) . In maize, the integration of a physical map based on resulting in a similar result to that for chromosome 5 where no Pst I/MseI markers were present in the centro-BAC contigs and a genetic map showed the presence of genes in centromeric regions (Cone et al. 2002) . In meric subregion. Suppression of recombination in centromeric regions: the grass species F. pratensis, King et al. (2002) also reported that cDNA RFLP probes were located in very Suppression of recombination in centromeric regions has been reported for many higher plants, for example, in centromeric regions of the Allium chromosomes analyzed were reduced 6.4 times (chromosome 5) and 4.3 wheat (Gill et al. 1996a,b; Akhunov et al. 2003) , barley (Künzel et al. 2000) , tomato and potato (Tanksley et al.
times (chromosome 8) compared to the average recombination frequency of each chromosome. However, the 1992), rye (Lukaszewski 1992; Alonso-Blanco et al. 1993) , rice (Cheng et al. 2001; Chen et al. 2002; Wu et degree of suppression in Alliums (24.6-27.4%) differed from smaller genome plants like Arabidopsis (6.5% of al. 2003) , and maize (Tenaillon et al. 2002; Anderson et al. 2004) . We found that centromeric regions in Alli-NOR-bearing chromosome 4; Schmidt et al. 1995; Fransz et al. 2000) or rice (4%; Cheng et al. 2001) and ums behave similarly. Recombination frequencies in the was more similar to that observed in other large-genome to 5.4% of the chromosome length and contain 22.0% of the markers on chromosome 5 and 2.6% and 14.3% species such as wheat (20%; Gill et al. 1996a,b) and barley (50%; Kü nzel et al. 2000) .
on chromosome 8, respectively. An interesting result of our study is the pronounced Relationship between genetic and physical distance: A number of studies showed variation in the base-pairdifference between genetic and physical maps of the short and long arm of chromosome 8. In this context, to-centimorgan ratio in regions with high-and lowrecombination frequency; for instance, in wheat the Cheng et al. (2001) found on chromosome 10 of rice a difference in recombination rate between the short variation is 118 kb/cM and 22 Mb/cM (Gill et al. 1996a,b) ; in barley, it is 0.1 Mb/cM and Ͼ4 Mb/cM arm (15.4 cM/20.7 pu) and the long arm (67.8 cM/ 59.5 pu). They suggest that the difference in the amount (Kü nzel et al. 2000) ; in maize it is 14 kb/cM and Ͼ2 Mb/cM (Dooner 1986; Brown and Sundaresan 1991) , of heterochromatin between the short and long arm explains this phenomenon. In F. pratensis, King et al. respectively. For Alliums, the base-pair/centimorgan estimates were 1.4 Mb/cM in the hotspot recombination (2002) also found a difference in genetic length between physically similar arms of the NOR chromosome: region and 74.3 Mb/cM in the region of low recombination. Most probably the extreme ratio of base pairs to non-NOR arm (60 cM) and NOR arm (20.9 cM). A genome-wide analysis of recombination in meiotic tetcentimorgans in low-recombination regions correlates with the high condensation of Allium chromosomes rads from Arabidopsis showed that recombination levels on individual chromosomes may be mediated by both (Khrustaleva and Kik 2001) .
Integrated mapping on large-genome species showed chromosome size and content (Copenhaver et al. 1998) .
The organization of DNA sequences in chromatin structhat hotspots of recombination are restricted to relatively small regions; for instance, in wheat the regions ture may influence recombination rate and consequently genetic length, as was shown in a number of with a high level of recombination span only 5-10% of the chromosome lengths and comprise 85% of the experiments in Saccharomyces (Zhu et al. 1999; Peciña et al. 2002) . Our hypothesis is that the high methylation markers (Gill et al. 1996a,b) . In barley these regions correspond to only 4.9% of the total genome and comlevel on the short arm of Allium chromosome 8 (Castiglione et al. 1995) contributes to the reduced length of prise 47.3% of markers (Kü nzel et al. 2000) . Our results are in agreement with previously published work. In the recombination map.
In conclusion, our research on Allium has shown that Alliums the recombination hotspot regions correspond as has also been observed by Kuhl et al. (2004) 
